Pertussis is an acute respiratory disease caused by the bacterium Bordetella pertussis, for which humans are the only known reservoir. During infection, B. pertussis releases several toxins, including pertussis toxin (PT) and adenylate cyclase toxin (ACT), which have both been shown to play roles in promoting bacterial growth during early infection in a mouse model. Furthermore, in vitro and in vivo studies suggest that PT and ACT affect neutrophil chemotaxis and/or function, thereby altering the innate immune response. In this study we depleted animals of neutrophils to investigate whether neutrophils play a protective role during B. pertussis infection in mice. In addition, by infection with toxin-deficient strains, we investigated whether neutrophils are the main targets for PT and/or ACT activity in promoting bacterial growth. Surprisingly, we found no role for neutrophils during B. pertussis infection in naïve mice. However, in previously infected (immune) mice or in mice receiving immune serum, we observed a significant role for neutrophils during infection. Furthermore, in this immune mouse model our evidence indicates that neutrophils appear to be the main target cells for ACT, but not for PT.
Pertussis, also known as whooping cough, is an acute respiratory disease caused by the bacterium Bordetella pertussis. B. pertussis infects the human respiratory tract and binds to ciliated cells in the upper and lower airways (8, 15, 27, 38) . B. pertussis releases several toxins, including pertussis toxin (PT) and adenylate cyclase toxin (ACT), which have both been shown to play a role in promoting bacterial growth in the airways in a mouse model (4, 6) . Furthermore, evidence suggests that both toxins have effects on cells of the immune system, including neutrophils and macrophages, which are important effectors of the innate immune response (2, 7, 28, (34) (35) (36) 40) .
Neutrophils play a protective role in response to infection by several different respiratory pathogens (23) , including Pseudomonas aeruginosa (33) , Legionella pneumophila (29) , and Klebsiella pneumoniae (39) . A study by Tsai et al. showed that inhibition of neutrophil recruitment in response to P. aeruginosa lung infection in mice resulted in increased bacterial loads and a decreased survival rate of the mice (33) , and data reported by Ye et al. suggest that induction of neutrophil recruitment through a Th17 response is essential for protection against K. pneumoniae (39) . Furthermore, neutrophils have been shown to be essential for effective clearance of lower respiratory tract Haemophilus influenzae infection in a mouse model (31) .
PT, which is produced exclusively by B. pertussis, has been shown by us and others to suppress several aspects of the immune response, including macrophage function, serum antibody production, and neutrophil chemotaxis (5-7, 18, 30) . Previous data from our lab demonstrated a role for PT in establishing B. pertussis infection in the mouse respiratory tract (6) , and we recently showed that PT inhibits neutrophil recruitment to the airways in response to infection by suppressing the release of neutrophil-attracting chemokines by resident airway cells (2) .
ACT, another toxin released by B. pertussis, has been described to have inhibitory effects on neutrophil function by decreasing phagocytosis and superoxide generation and inhibiting chemotaxis (10) . Mobberley-Schuman et al. demonstrated that mutant strains of B. pertussis that do not produce ACT (⌬CYA) are readily ingested by human neutrophils, while wild-type (WT) strains are able to resist phagocytosis (25) . ACT has been shown to inhibit both CD11b/CD18-mediated phagocytosis (25) as well as antibody-mediated phagocytosis via the Fc receptor by human neutrophils (24, 34) . Opsonizing antibodies generally increase phagocytosis of pathogens by phagocytes (16) , and a study by Weingart et al. showed that a ⌬CYA strain of B. pertussis was efficiently phagocytosed by human neutrophils in the presence of immune serum (35) . However, in the presence of ACT, opsonization of B. pertussis did not increase phagocytosis when compared to unopsonized controls (34) . Evidence suggests that the increased levels of cyclic AMP in these cells lead to a decrease in phagocytosis and superoxide generation as well as inhibition of chemotaxis, thereby affecting a major part of the innate immune response (10) .
Based on these observations, we hypothesized that neutrophils play a role in controlling and/or clearing B. pertussis infection in the airways and that PT and ACT play roles by inhibiting neutrophil chemotaxis and function. Furthermore, we hypothesized that the absence of neutrophils would increase bacterial loads as well as the duration of the infection and that the mutant strains, ⌬PT and ⌬CYA, would be able to grow to WT levels in a neutropenic mouse model. Surprisingly, we found that neutrophils apparently did not play a role in controlling or clearing B. pertussis infection in naïve mice. Furthermore, neutrophils did not appear to be the main targets of PT and ACT in this model. However, in previously infected (immune) mice, the absence of neutrophils led to a significant increase in bacterial loads, and the ⌬CYA strain, but not the ⌬PT strain, infected neutropenic mice at WT levels, suggesting that ACT targets neutrophils in this model and that neutrophils play a role in controlling the infection.
MATERIALS AND METHODS
Bacterial strains and growth conditions. The B. pertussis strains used in this study were streptomycin-and nalidixic acid-resistant derivatives of Tohama I. The ⌬PT and ⌬CYA strains were constructed as previously described (4, 6) . The ⌬PT ⌬CYA double mutant was derived by introducing the cyaA deletion into the ⌬PT strain by conjugation and allelic exchange as previously described (4) . B. pertussis strains were grown on Bordet-Gengou (BG) agar plates containing 10% defibrinated sheep blood and 400 g/ml of streptomycin.
Mouse infection. Six-week-old female BALB/c mice (Charles River Laboratories) were used in our studies. Inocula were prepared by plating bacterial strains from frozen culture on BG blood agar plates with streptomycin. After growth for 3 days at 37°C, bacteria were transferred to new plates and allowed to grow for an additional 2 days. Bacterial strains were resuspended and appropriate dilutions were prepared using sterile phosphate-buffered saline (PBS). Mice were anesthetized by inhalation of either Metofane (Medical Developments Australia) or isoflurane (Baxter) and inoculated intranasally with 50 l of inoculum. In addition, the inoculum was diluted and plated on BG blood agar plates with streptomycin to determine viable counts. Mice were euthanized by carbon dioxide inhalation at specified time points and the lungs and trachea were removed and homogenized in 2 ml of sterile PBS. Appropriate dilutions were plated on BG blood agar plates with streptomycin and counted after 4 days of incubation at 37°C to determine CFU per respiratory tract. A minimum of three mice per group was used. A two-tailed t test was used for statistical analysis.
BAL. Bronchoalveolar lavage (BAL) was performed by flushing the lungs two times with 0.7 ml sterile PBS as previously described (2) . Aliquots of BAL fluid were used for cell counting on a hemocytometer and for cytospin centrifugation for 5 min at 600 rpm. The slides were stained with modified Wright's stain to identify different cell types. Approximately 100 cells from several microscope fields were counted and identified for each sample.
Preparation of lung tissues for gene expression studies. Mice were euthanized by carbon dioxide inhalation. The thoracic cavity was exposed and the left lobes of the lung were removed and snap-frozen in a dry ice-ethanol bath and stored at Ϫ80°C until further use.
RNA preparation and cDNA synthesis. RNA preparation from whole lung tissue was performed using the phenol-chloroform method as previously described (2). The RNA pellet was resuspended in 50 l of nuclease-free H 2 O, and quantification of RNA was performed using an ND-1000 NanoDrop spectrophotometer. The synthesis of cDNA was performed with a reverse transcription system kit (Promega) according to the manufacturer's protocol using random primers. One g of RNA was used for each sample.
Real-time PCR. Real-time PCR was performed using the SYBR green system (ABI). Primer sequences for hypoxanthine phosphoribosyltransferase (HPRT) and chemokines (KC) were generously provided by Stefanie Vogel (University of Maryland, Baltimore). Primer sequences used were as follows: HPRT forward primer, 5Ј-GCTGACCTGCTGGATTACATTAA-3Ј, and HPRT reverse primer, 5Ј-TGAT CATTACAGTAGCTCTTCAGTCTGA-3Ј; KC forward primer, 5Ј-GCTTGAAG GTGTTGCCCTCA-3Ј, and KC reverse primer, 5Ј-GTGGCTATGACTTCGGTT TGG-3Ј. Samples were prepared as previously described (2) . Duplicate reactions were performed for each sample and all genes were normalized using the mouse housekeeping gene HPRT. Results were measured as the increase over a PBS control.
Neutrophil depletion and inhibition of chemotaxis. Mouse neutrophils were depleted by intraperitoneal (i.p.) administration of 1 mg of a rat monoclonal antibody (RB6) against Ly-6G (Gr-1), which is expressed predominantly on neutrophils. The antibody was administered the day before intranasal inoculation with bacteria and every other day thereafter until mouse dissection. Control mice were treated with 1 mg of purified rat immunoglobulin G (IgG; Sigma). Inhibition of neutrophil chemotaxis was achieved by i.p. administration of 1 mg of a goat polyclonal anti-CXCR2 antibody (kindly provided by R. M. Strieter, University of Virginia), which binds to CXCR2 chemokine receptors on neutrophils and inhibits chemotactic responses to chemokines (20) . The same regimen of administration was performed as described above for RB6. Control mice were treated with heat-inactivated goat serum (Sigma).
Processing of immune and naïve serum. Blood used for serum transfer experiments was obtained from naïve or immunized mice by cardiac puncture. Blood was allowed to clot and centrifuged at 5,000 rpm for 10 min. Serum was transferred to a separate tube, heat inactivated to deplete complement, and stored at Ϫ20°C until use.
Statistical analysis. Statistical significance in gene expression experiments was determined using a one-way analysis of variance, allowing for comparison of three sets of data per time point. A Tukey post hoc test was used for pairwise comparisons of data sets. All other data were analyzed using a two-tailed t test.
RESULTS

Efficacy of neutrophil depletion and inhibition of neutrophil chemotaxis.
In order to assess the importance of neutrophils in the early immune response to B. pertussis infection in mice, we depleted neutrophils using a rat monoclonal antibody, RB6. This antibody binds to Ly-6G (Gr-1), which is present on the surface of granulocytes, and depletes neutrophils in a complement-dependent manner (33) . Administration of doses as low as 50 to 150 g of RB6 has been shown to cause blood neutropenia in mice for at least 48 h after i.p. injection (21, 22) . Groups of mice were injected i.p. with 0.5 mg or 1 mg of RB6 (or 1 mg of anti-rat IgG as a control) 1 day before inoculation with 5 ϫ 10 6 CFU of WT B. pertussis, a bacterial dose that induces a rapid and large neutrophil recruitment to the airways. On days 1 and 2 postinfection, the number of neutrophils in the BAL fluid of mice treated with 0.5 mg of RB6 was decreased to approximately 1% and 8%, respectively, of that of the control group (Fig. 1A) . No neutrophils were observed in the BAL fluid on day 1 or 2 postinfection with WT B. pertussis in mice treated with 1 mg of RB6 (Fig. 1A) . Extension of the time course indicated that the longevity of the depleting effect of RB6 at this dose was 3 to 4 days (data not shown). Analysis of blood of mice treated with 1 mg of RB6 also showed a nearly complete neutropenia (data not shown). As an alternative treatment to ensure the results obtained using RB6 were due to neutropenia, and not some unexpected side effect caused by complement-mediated depletion of neutrophils, we also used a goat polyclonal antibody against CXCR2 (anti-CXCR2). This antibody binds the CXCR2 chemokine receptor (the receptor for the neutrophil-attracting chemokines KC, lipopolysaccharide-induced chemokine, and macrophage inflammatory protein 2 in mice) on neutrophils and inhibits neutrophil chemotaxis without depleting peripheral neutrophils (1, 17) . The number of neutrophils in the airways of mice treated with anti-CXCR2 and infected with 5 ϫ 10 6 CFU of WT B. pertussis was decreased to approximately 2 to 3% of that of the control group (treated with heat-inactivated goat serum) on days 1 and 2 postinfection (Fig. 1B) . These data indicate that i.p. administration of 1 mg of RB6 or anti-CXCR2 the day before infection effectively inhibits neutrophil recruitment to the airways (either by depletion or inhibition of chemotaxis) in response to B. pertussis for at least 2 days postinfection.
Growth and clearance of B. pertussis in the respiratory tract of naïve neutropenic mice. In order to examine the role of neutrophils in protection against B. pertussis infection and as possible targets for PT and ACT, we inoculated groups of mice with 5 ϫ 10 5 CFU of the B. pertussis strain WT, ⌬PT, ⌬CYA, or ⌬PT ⌬CYA (a double mutant strain) and examined the effect of neutrophil depletion on bacterial loads. RB6 (1 mg) was administered the day before bacterial inoculation and every other day thereafter to ensure complete neutrophil depletion in the airways throughout the experiment. Neutrophil depletion was verified at the time of dissection by differential staining of BAL cells and microscopy (data not shown). Surprisingly, no significant differences in bacterial loads were observed between neutrophil-depleted versus control mice on day 4 after infection with WT B. pertussis (Fig. 1C ). There were small but nonsignificant increases in bacterial loads of the ⌬PT and ⌬CYA strains in neutrophil-depleted versus control mice (Fig. 1C) . Furthermore, in neutrophil-depleted mice bacterial loads of the WT strain were still significantly higher than those of ⌬PT and ⌬CYA, indicating that neutrophils are not the only targets of PT and ACT during infection. However, we did see a significant increase in bacterial loads in neutrophil-depleted mice (compared to controls) infected with the ⌬PT ⌬CYA strain (Fig. 1C) , and although this difference was relatively small (threefold), these results indicate that PT and ACT may have overlapping inhibitory effects on neutrophils.
The experiment was repeated for B. pertussis WT versus ⌬PT infection in mice treated with the anti-CXCR2 antibody. In order to achieve long-term inhibition of neutrophil recruitment in the airways using anti-CXCR2, reinjection every other day is necessary (M. Burdick, Strieter Laboratory, University of Virginia, personal communication). Due to limited amounts of anti-CXCR2, bacterial loads were examined on days 1 and 2 postinfection rather than on day 4 as in the previous experiment. In control mice infected with B. pertussis WT, bacterial loads were significantly higher than in those infected with the ⌬PT strain on days 1 (P Ͻ 0.01) and 2 (P Ͻ 0.04) postinfection (Fig. 1D) , as we observed previously (5). However, although there were slight increases in bacterial loads of both strains in anti-CXCR2-treated mice versus control mice (Fig. 1D ), these were not significant differences. These data are similar to the results obtained using the RB6 antibody and suggest that neutrophils do not play an important role in controlling bacterial loads early during B. pertussis infection in a naïve BALB/c mouse model. The mechanism(s) of clearance of B. pertussis infection is still quite obscure. In order to determine if neutrophils are important for clearance of B. pertussis infection in naïve mice, we inoculated groups of mice with 5 ϫ 10 5 CFU of the WT or ⌬PT strains. The mice were injected i.p. with 1 mg of RB6 (or rat IgG to control mice) on the day before and every other day following infection to maintain neutrophil depletion throughout the time course. BAL samples were analyzed for cell content by differential staining and microscopy to confirm neutrophil depletion at the time of dissection (data not shown). No significant differences in bacterial loads were observed in neutrophil-depleted mice versus controls at 7 days (late in the peak phase) or 14 days (during clearance) after infection with either strain, suggesting that neutrophils do not play an important role in clearing B. pertussis WT or ⌬PT infection from the airways (Fig. 2) . As observed previously in our laboratory, there was still a 10-to 100-fold difference in bacterial loads of WT versus ⌬PT strains at these time points (5) .
Neutrophil recruitment in response to B. pertussis infection in immune mice. We hypothesized that, despite the results observed in naïve mice, neutrophils may be important in controlling B. pertussis infection in an immune host and that PT and ACT may play roles during infection in immune individuals by targeting neutrophils. First, we wanted to demonstrate that PT plays a role in inhibiting neutrophil recruitment to the airways in immune mice, as it does in naïve mice (2, 3, 5, 15) . To obtain immune hosts, we inoculated groups of mice with a low dose (5 ϫ 10 4 CFU) of B. pertussis ⌬PT and allowed the infection to clear over 30 days (data not shown). The ⌬PT strain was used to immunize mice in order to avoid the generation of anti-PT antibodies that would only affect the WT and not the ⌬PT strain during the secondary infection and might obscure the effects of PT. Studies from our lab using mice previously infected with B. pertussis ⌬PT have shown that bacterial loads on day 4 after challenge with the WT strain are relatively low compared to those in naïve mice, due to efficient immune clearance (5); therefore, immune mice were challenged with a high dose (5 ϫ 10 6 CFU) of the WT or ⌬PT strain to avoid immediate clearance of the infection. As previously observed, bacterial loads of WT or ⌬PT did not increase after infection in these immune mice, and both strains were nearly cleared from the respiratory tract by day 7 postinoculation (800 and 10 CFU, respectively) (Fig. 3A) . Bacterial loads of the WT strain were significantly higher than those of the ⌬PT strain by day 1 postinfection (approximately 10-fold), and ⌬PT numbers remained significantly lower throughout the time course (Fig. 3A) , indicating that, as observed in naïve mice, PT is an important virulence factor for B. pertussis in previously infected mice. The results represent one of two separate experiments. * , P Ͻ 0.05; ** , P Ͻ 0.02.
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Neutrophil recruitment to the airways in response to WT and ⌬PT challenge in immune mice was examined on days 1, 2, and 3 postinfection. The number of neutrophils in the airways on day 1 postinfection was significantly higher (2.5-fold) in response to ⌬PT than to WT (Fig. 3B) . On days 2 and 3 postinfection, there was no significant difference in the number of neutrophils in the airways in response to infection with the two strains. This indicates that PT inhibits early neutrophil influx in response to infection in an immune host, similar to what is observed after WT and ⌬PT infection in naïve mice (2, 6, 18) . To determine whether the inhibition of neutrophil recruitment in response to WT infection in immune mice is due to the inhibitory effect of PT on early chemokine gene expression, KC gene expression in whole lung tissue in response to infection with 5 ϫ 10 6 CFU of the WT or ⌬PT strain was examined. There was an early (3 and 6 h postinfection) inhibition of KC gene expression by PT in response to B. pertussis infection in immune mice (Fig. 3C) . At the 3-h time point, KC gene expression was induced approximately 60-fold above control levels in response to ⌬PT infection and only 20-fold in response to WT infection (P ϭ 0.03). While lower expression in response to both strains was observed at 6 h postinfection, the level of KC gene expression in response to WT was still lower than that in response to ⌬PT (10-fold versus 20-fold increased above control; P ϭ 0.04). By day 2 postinfection, KC gene expression in response to WT and ⌬PT infection was decreased to a level not significantly different from that of the PBS control group. These results indicate that PT inhibits early production of neutrophil-attracting chemokines in response to B. pertussis infection in immune mice, thereby inhibiting early neutrophil recruitment in response to infection. These observations are similar to the early responses observed in naïve mice infected with WT or ⌬PT (2). However, KC gene expression was induced earlier in this experiment in the immune mice than in previous experiments with naïve mice (2), possibly due to the larger dose of bacteria used here.
Bacterial loads in neutrophil-depleted immune mice infected with B. pertussis. To examine if neutrophils play a role in protection against B. pertussis infection in an immune host and to determine if neutrophils are important targets for PT and ACT, previously infected immune mice were inoculated with 5 ϫ 10 6 CFU of B. pertussis WT, ⌬PT, ⌬CYA, or ⌬PT ⌬CYA, and bacterial loads in the airways were determined 4 days postinfection. There was a significant increase in bacterial loads of all four strains of B. pertussis in neutropenic mice compared to control groups (Fig. 3D) . Bacterial loads of the WT and ⌬PT strains were increased approximately 10-fold in neutrophil-depleted groups, while the bacterial loads of the ⌬CYA strain were 100-fold higher in neutropenic mice compared to control mice. Furthermore, the bacterial loads of the ⌬CYA strain were not significantly different from those of the WT strain in the absence of neutrophils (P ϭ 0.26), indicating that neutrophils are the primary targets for ACT during infection in an immune host. The double mutant strain (⌬PT ⌬CYA) was cleared by day 4 postinfection in control mice. However, in neutropenic mice, bacterial loads of the ⌬PT ⌬CYA strain were similar to those in neutrophil-depleted mice infected with ⌬PT (P ϭ 0.11). This suggests that neutrophils are not the only targets for PT activity in immune mice, which is consistent with data from our lab indicating that airway macrophages may be the main target cells for PT during B. pertussis infection (7) .
Effect of immune serum transfer on bacterial loads in mice infected with B. pertussis. To further evaluate the mechanism by which neutrophils are able to control B. pertussis infection in immune (but not naïve) mice, we examined whether neutrophils play a role in controlling WT and ⌬PT infection in naïve BALB/c mice receiving immune serum at the time of infection. Opsonizing antibodies present in immune serum play an important role in response to several respiratory infections caused by other human pathogens (9, 13, 14, 32) . Naïve and immune sera were obtained from BALB/c mice 35 days after inoculation with PBS or ⌬PT (1 ϫ 10 6 CFU), respectively. The presence of polyclonal anti-B. pertussis antibodies 28 to 35 days postinoculation with WT or ⌬PT has been described previously by us (5) and others (18, 19) . Naïve mice were injected i.p. with 125 l of immune serum (or naïve serum as a control) at the time of intranasal inoculation with 5 ϫ 10 6 CFU of the WT or ⌬PT strain. As expected, no significant differences in bacterial loads (of either strain) were observed in neutrophil-depleted versus control mice that received naïve serum (Fig. 4) . Furthermore, the defect of the ⌬PT strain compared to the WT strain was still significant on day 4 postinfection, consistent with our results in naïve mice. In mice receiving immune serum, there was a significant increase (5-to 10-fold) in bacterial loads in response to both strains of B. pertussis in neutropenic mice (compared to control mice), suggesting that factors present in immune serum, likely opsonizing antibodies, are important for the ability of neutrophils to control B. pertussis infection. This may explain the lack of an effect of neutrophil depletion in naïve mice. However, bacterial loads of the ⌬PT strain in neutropenic mice receiving immune serum were still significantly lower than those of the WT strain in control mice receiving immune serum, again indicating that PT has important targets other than neutrophils in promoting B. pertussis infection of the airways. (2, 18) . One of the questions we set out to answer in this study was whether this activity of PT is its major role in promoting B. pertussis growth in the airways in a mouse model. Our data indicate that this is not the case. For this study, inhibition of neutrophil recruitment to the airways of mice was successfully accomplished using a neutrophil-depleting antibody (RB6) or by inhibition of neutrophil chemotaxis by administration of an anti-CXCR2 antibody. Surprisingly, neutrophil depletion did not significantly increase the bacterial loads on day 4 postinfection with WT, ⌬PT, or ⌬CYA strains of B. pertussis. Bacterial loads of a double mutant strain of B. pertussis lacking both toxins, ⌬PT ⌬CYA, were modestly but significantly higher in neutrophil-depleted mice than in control mice. While ACT has been shown to inhibit phagocytosis and killing by human neutrophils (24, 25, 35) , an inhibitory effect of PT on neutrophil function (other than chemotaxis) has not been reported. However, our data indicate that PT and ACT may have overlapping effects on neutrophils during B. pertussis infection. However, neutrophil depletion did not eliminate the need for either of the toxins to achieve WT levels of bacterial growth in the airways, suggesting that neutrophils are not the only targets of PT or ACT action during B. pertussis infection in naïve mice.
Interestingly, the kinetics of bacterial clearance in naïve mice infected with either WT or ⌬PT were unaffected by neutrophil depletion, suggesting that neutrophils also do not play a role in clearing the infection in naïve mice. The mechanisms of clearance of B. pertussis infection from the airways are still rather obscure, but mouse models indicate that adaptive immunity is involved, since SCID mice (which lack adaptive immunity) fail to clear the infection (3, 6, 11) .
Pertussis is endemic in humans and is recurrent every 3 to 5 years, even in vaccinated populations (37) , which results in the presence of many immune and partially immune individuals in the population at any time. A recent review of epidemiologic studies suggested that immunity lasts 4 to 12 years after receiving a pertussis vaccine, while infection-acquired immunity lasts 4 to 20 years (37), making it likely that B. pertussis has evolved to evade immune responses in human hosts with partial immunity to pertussis. Our data demonstrate that neutrophils do play a protective role in immune mice, since bacterial loads after challenge of immune mice with WT, ⌬PT, ⌬CYA, or ⌬PT ⌬CYA strains of B. pertussis were significantly higher in neutrophil-depleted mice than in controls. In addition, our serum transfer study showed that immune serum is important for the ability of neutrophils to control B. pertussis infection, probably due to the presence of opsonizing antibodies, which bind to surfaces of pathogens and increase phagocytosis and killing by neutrophils (16) . This is consistent with a previous study in C57BL/6 mice where immune serum transfer enhanced B. pertussis clearance from the lungs of mice in a neutrophil-dependent manner (15) . Interestingly, ⌬CYA bacterial numbers were equal to WT levels in neutropenic immune mice, suggesting that neutrophils are the main targets for ACT during B. pertussis infection in an immune individual. This is similar to findings with Bordetella bronchiseptica, for which the need for ACT for bacterial growth and disease in mice was obviated by neutropenia (12) . In contrast, our data show that even in immune mice the absence of neutrophils does not eliminate the need for PT during infection. We showed that PT inhibits early KC gene expression and neutrophil recruitment to the airways in response to B. pertussis infection in immune mice, just as it does in naïve mice (2) , but apparently this is not the only role for PT in promoting bacterial survival in the airways in an immune individual. This is consistent with other data from our lab showing that the ⌬PT strain grows to WT levels in airway macrophage-depleted mice (7), suggesting that macrophages are the main target cells for PT during B. pertussis infection.
Interestingly, at the challenge dose (5 ϫ 10 6 CFU) we detected no induction of KC gene expression after the initial early (3 and 6 h) induction postinoculation in immune mice. Also, no induction of Th1-or Th17-associated cytokine gene expression responses was observed in response to WT or ⌬PT infection in immune mice (data not shown). This is in contrast to findings in naïve mice, in which evidence from our lab suggests that PT and ACT induce a proinflammatory Th1/Th17 response in the lungs at the peak of B. pertussis infection which is associated with a substantial neutrophil recruitment to the airways (C. Andreasen and N. H. Carbonetti, unpublished results). It remains possible that neutrophils recruited to the airways are associated with local pathology that leads to cough responses and transmission of the pathogen.
Overall, we conclude that neutrophils play only a minor role in response to B. pertussis infection in naïve mice, and PT and ACT may have overlapping inhibitory effects on neutrophil function in this model. However, in immune mice, neutrophils play an important role in controlling the infection, likely due to the presence of opsonizing antibodies that enhance phagocytosis. Furthermore, neutrophils were found to be the primary targets for ACT, but not for PT, during B. pertussis infection in immune mice. Whether PT, ACT, and neutrophils play the same roles in human infection is still unclear, since we know nothing about the early events after B. pertussis acquisition in humans. However, studies with human neutrophils in vitro have shown that B. pertussis possesses factors, including ACT, that inhibit its phagocytosis by neutrophils, primarily in the presence of opsonizing antibodies (24, 34, 35) , and these data are consistent with the results from this study.
